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The methods EHT, CNDO/2, MNDO and ab initio STO-3G have been used to study regio
selectivity of protonation of I-methyl-l,4-dihydronicotinamide (1, R = CH3 ). The res,ults obtained 
are discussed in relation to lability of the NAD(P)H coenzymes in acid media and agree well with 
experimental findings. 

Reduction of some su bstrates by action of N AD(P)H and its models seems to involve 
an inevitable prelude - acid catalysis 1 - 4 activating e.g. carbonyl compounds as 
it follows: 

In an enzymatic reduction the role of AH(+) cofactor can e.g. be played by the 
protonated form of imidazole ring of histidine near active centre of the apoenzy
me 3

.
5

.
6

. It was observed'T-9 that the isolated NAD(P)H coenzyme undergoes, 
in the presence of general acids AH( + l, irreversible decomposition in its nicotinamide 
section 1 0 .11 and, hence, deactivation. Studies 12 - 18 of reactions of the model com
pounds of 1 indicate that final products of the acid catalysis have structures of type II 
(X = OH, OCOCH3 , SO~). Formation of the latter is explained14

-
17 with pre

sumption of a reversible protonation pre-equilibrium at C(5) position of 1 and sub
sequent irreversible attack of C( 6) position by a nucleophile X( -) or XH. In the case 
of the complete coenzyme it is obvious19 - 24 that the role of the XH nucleophile 
is played by 2' -hydroxyl group in the ribose fragment linked by a nucleoside bond 
to the dihydronicotinarnide part of the NAD(P)H coenzyme molecule. The present 
communication deals with quantum-chemical study of probability of the protonation 
step in the mentioned transformations, the simple NADH model I (R = CH3) 

being studied by the EHT, CNDO/2, MNDO and ab initio STO-3G methods. 

Part XVI in the Series On Calculations of Biologically Important Compounds; Part XV: 
This Journal 47, 1621 (1982). 
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CALCULATIONS 

The calculations were carried out by means of standard programs using an IBM 370/ 145, 
an I CL-4-72 and a CYBER 172 computers. The used parameters of the semi-empirical methods 
were the same as those in previous communications of this series. The parametrization of the 
MNDO method was identical with the originally published program2S

, and in the case of the 
non-empirical calculation we used the standard STO-3G bases 26

. The dependences of EEHT and 
E CNDO/2 electron energies on distance parameters were calculated by 25 pm steps. The geometry 
of the I fragment was chosen in accordance with ref. 27 , 28 . The energy map of the system H( + )- 1 

(R = CH 3 ) was represented by means of square network of coordinates (600 pm side) where 
calculation of the EHT energies at the individual intersections gave 625 EEHT values. The protonat
ed form s III, IV and V were optimized by the gradient method29 based on the CNDO/2 wave 
functions. The starting point for the MNDO optimization was the geometries IIIa,b and IV deri
ved from structure I by modification of hybridization at the protonated centres C(5) and C(3), 
respectively. The geometries obtained by the MNDO optimization were used for the non-empiri
cal ca lculation. 

FIG . I 

Map of EHT energies for the system I- H(+l. 
The H( + ) particle moves in a plane parallel 
with that of the heterocycle I at a distance 
of JQO pm. Zero energy corresponds to the 
value - 96177-4kJ mol - I, the line 1 cor
responds to an energy increase of 1 kJ mol - 1 

as compared with zero level, similarly line 2 
(25 kJ mol-I), 3 (50 kJ mol - I), 4 (75 kJ . 
. mol - I), 5 (125 kJ mol - 1),6 (175 kJ mol-I) 
and 7 (225 kJ mol - I) 
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FIG. 

Dependence of CNDO/2 energy on b para
meter for the system I-H( +). The particle 
H(+) moves at a distance of 120 pm above 
C(5)-C(6) bond, and b denotes horizontal 
distance from C(5) centre 
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RESULTS AND DISCUSSION 

Configuration of H(+)-I (R = CH 3) supermolecule. At the EHT level we used 
(as in ref. 28

) the way of evaluation of the local energy minima (LEM) with the H(+l 

particle moving above the plane of I molecule at a 100 pm distance. The correspond
ing EHT map is given in Fig. 1. It clearly shows five LEM near the positions N(l), 
C(3), O(3c), C(5) and hydrogen atom at C(4). The deepest are three minima at C(3), 
C(5) and H- G(4), which indicates the protonation of the heterocyclic part of the 
molecule (perpendicular to the symmetry plane of the molecule) to be easier than 
protonation of oxygen atom O(3c) of amide group. Formation of cations IVand III 
is presumed to be the final result of the protonations at C(3) and C(5) positions. 
In this context, meaning of the third minimum for H-C( 4) is not clear. It can repre
sent a consequence of neglection of electronic repulsion between these hydrogen 

TABLE I 

Geometry of IlIa ion after finished CNDO/ 2 gradient optimization with respect to all degrees 
of freedom 

--- ---~------

A- 8- C- D A-8 bond A- 8-C valence A- 8- C- D dihedral 
centres length, pm angle, 0 angle, 0 

N(I)- C(2}--C(3) 141·2 134'5a 123 ·7b 

C(4)- C(3)- C(2)- N(l) 146·6 120·9 0·0 
C(5)- C(4)- C(3)-C(2) 147·9 115·6 0·0 
C( 6 )- C(5)- C( 4 )-C( 3) 144·0 117-3 0·0 
C(1)- N(I}--C(2)- C(3) 141·8 119·3 180·0 
C(3a)- C(3}--C(2)-N(I) 145·7 116·7 180·0 
N(3b)-C(3a}--C(3}--C(2) 136·9 119·6 180·0 

O(3c}--C(3a)- C(3)- C(2) 127·8 121-3 0·0 
H(2}--C(2}--N( I )- C( I) 111 ·7 112·7 0·0 
H.(4)- C(4)- C(3)- C(2) 112·6 108·6 123·9 
H b(4)-C(4}--C(3}--C(2) 112·6 108·6 - 123·9 
H a (3 b)- N(3b)- C(3a}--C(3) 106·1 121·5 0·0 
H b(3b)- N(3b}--C(3a)-C(3) 106·2 123·4 180·0 
Ha(5)- C(5}--C(4)-Ha(4) 112·8 112·8 - 1·5 
Hb(5)- C(5)- C(4)- Hb(4) 112·8 112·8 1·5 
H(6)- C(6}--C(5)- C( 4) 111·9 118·9 180·0 
Ha (I)- C(l)- N(I)- C(2) 111 ·9 110·8 -120'1 
Hb( I )- C(1}--N (l )- C(2) 111 ·9 111·2 0·0 
H c(l)- C(I)- N(I)- C(2) 111·9 110·8 120·) 

a C(2)- C(3) bond length, pm; b N(I)- C(2)-C(3) valence angle. 
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centres in the £HT method. Also the map in Fig. 1 shows that the minima at C(3) 
and C( 5) do not lie strictly above the corresponding atomic centres, hence the opti
mum protonation coordinates are probably deviated from the directions precisely 
perpendicular to the heterocycle plane. In the case of the protonation at C(5) posi
tion, this presumption was supported by the CNDO/2 calculation, too, in which 
we foIlowed the ECNDO/2 energy changes during the proton shift along C(5)-c(6) 
bond 120 pm above the plane of I heterocycle. From Fig. 2 it follows that the proton 
shift by 55 pm towards the c( 6) centre is most favourable energetically. 

Molecular geom etry of the protonated forms. With respect to the fact that the 
EHT method found two deepest energy minima above the C(3) and C(5) positions, 
we tried to compare energies of the corresponding cations III and IVat a semi-empiri
cal level. For this purpose we carried out the CNDO/2 gradient optimization of geo-

TABLE II 
Geometry of IV ion after finished CNDO/ 2 gradient optimization with respect to all degrees 

of freed om 

A- B- C- O A- B bond A-B-C valence A- B- C- D dihedral 

cen tres length, pm angle, 0 angle, 0 

---- ---------------

N( I )- C(2)- C(3) 142·2 154'5a 120'0b 

C(4 )- C(3)- C(2)- N(l ) 147·8 116·6 19·9 

C(5) - C( 4) - C(3)- C(2) 145·3 116·0 2·8 

C(6)- N(l)- C(2)-C(3) 142·5 116·6 18·1 

C( 1)- N( 1 )-C(2)-C(3) 144·1 114·7 63·3 

C(3a)- C(3 )- C(2)- N(I) 144· J 65·5 142·6 

N(3b)-C(3a)- C(3)- C(2) 137·2 131 ·1 119·0 

O(3c)-C(3a)- C(3)-C(2) 135·9 105·6 - 36·5 

H(2)- C(2)-C(3)- C(4) 113·1 116·8 152·8 

H(3)-C(3)-C(2)- N(I) 112·4 118·9 -117·8 

Ha(3b)-N(3b)- C(3a)- O(3c) 106·8 112·6 - 153·7 

Hb(3b)-N(3b)- C(3a)- O(3c) 106·8 113-3 - 28·2 

Ha(4)-C(4)- C(3)- C(2) 112·8 108·2 122·7 

Hb( 4)- C( 4)- C(3)- C(2) 112·9 106·9 - 127·1 

H(5) - C(5) - C(4) - C(3) 111·3 117·4 172·3 

H(6)- C(6- C(5)- C(4) 112·3 119·7 171·7 

H,.(I)- C(l )- N(l)- C(6) 114·7 119·9 - 15·9 

Hb(\ )- C(l)- N( I)-C(6) 112· 1 113·1 109·8 

Hc( I )- C( 1)- N(l )- C(6) 112·6 107·4 - 131 ·5 

a C(2)- C(3) bond length. pm; b N(I)- C(2)- C(3) valence angle. 
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metry of the models IIIa ,b and IV. The CNDO j2 gradient optimization29 of the 
IIIa ,b arid IV structures started from a geometry with plane ring conformation 
derived from structure I by modification of hybridization at the protonated centres 
C(5) and C(3), respectively; the carbamoyl group was considered planar. Tables I 
and II summarize the CNDOj2-optimized geometries of the C(5)- and C(3)-protonat
ed forms. In the case of the C(5)-protonated geometry III, it gives the geometry lIla 
whose energy (with respect to that of IlIb) decreased by 46 kJ mol- 1 after the 
CNDO j2 gradient optimization. Table I reveals that the optimization of the C(5)
-protonated form lIla resulted in a structure with maintained nearly coplanar 
conformation of the ring and amide group and, hence, their mutual conjugation. 
This result corresponds to Sp 2 hybridization at N(l) atom (maximum conjugation 
of free electron pair at nitrogen with the other n electrons). From Fig. 3 it follows 
that in the optimized form lIla a considerable (+0·23) positiv~ CNDO j2 
charge obtained for C(6) position in accordance with the probable subsequent 
attack of this position by the nucleophile X to give the product II (R = 

= CH3)' Compared with the given optimization results of the C(5)-protonated 
form lIla, the optimization of the C(3)-protonated form IV gave unexpected results. 
In this case the protonation should cause interruption of conjugation between the 
electron system of double bonds and the amide group, but, in addition to it, the 
optimized form IV shows a dramatic change of the configuration type at the N(l) 
centre which rather corresponded to Sp3 hybridization (Table II). This result is 

~ ./'" ~ ./'" 
N-0 377 N - 0"341 

.?" 
0376 

r 0-329 

0010 0 0'002 '-1111 '''' -0'050 -0'062 - 0-329 - 0'007 - 0065 "'1/1/1// q,'329 

0 24 ~0146 003 4 - 0, 027 
-O·~29 0'248 

N N 

1/11/,,,.0'162 111/11", 0'162 

!flo IV 

FIG. 3 

Electron distribution in IlIa and IV ions after finished MNDO optimization. The values are 
given in e. 
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TABLE III 

('l 

~ 
Geometry of IlIa and IlIb ions after finished MNDO optimization with respect to all degrees of freedom 

c a 

I 
o· 

IlIa IlIb ;;; 
8, 

i A-B- C- D centres 
A- B bond A- B- C A- B- C- D A- B bond A- B- C A- B- C-D I:d 

Q length, pm valence angle, 0 dihedral angle, 0 length, pm valence angle, 0 dihedral angle, 0 

o· 
0-

~ 

(JQ 

[ 
~ 
3 N(I)-C(6)-C(5) 132·6 150.50 122·6b 144-4 150.60 123·6b .z 

~ C(4)- C(5)- C(6)-N(I) 154·5 116·9 0·3 154·1 116·1 1·7 3' 
'0 

"< 
C(3)- C(4}--C(5)-C(6) 151·5 115-4 0·2 150·9 115·0 1·7 ~ 

0 C(2}--C(3)- C(4)-C(5) 136·5 120·8 0·2 135·7 122·6 0·8 :::. 

- C(1)- N(I)- C(2)-C(3) 150·6 118·2 - 179·6 150·4 118·6 - 178·9 ('l 

C(3a)- C(3)- C(2}--N(I) 151 ·9 118·0 - 178·9 151·7 119·8 176·7 0 
3 

~ N(3b}--C(3a)- C(3)-C(2) 138·6 120·6 -177-6 140·5 116-4 80·2 '0 
0 

O(3c)-C(3a)- C(3)-C(2) 123·3 121·3 4-4 122·5 121·8 - 93·6 c 
D 

H(2)-C(2)- N(I)- C(6) 109·7 113-1 - 179·6 109·5 114·5 179·8 ;; 

Ha(4)- C(4}--C(3)-C(2) 111·5 109·3 - 121·6 111·5 109·1 -123·2 

Hb(4)- C(4}--C(3)- C(2) 111·5 109·3 121·6 111-6 109·0 121 ·6 

Ha(5)- C(5)- C(4}--C(3) 111·7 110·0 121·9 111·7 110·0 123·7 

H b(5)-C(5)- C(4)-C(3) 111·7 109·9 -1 21 ·8 111·7 109·9 - 120·3 

H(6)-C(6}--N(I )-C(I) 110·4 119·8 - 0·1 110·2 119·5 - 0·2 

Ha(3b}--N(3b)- C(3a)-C(3) 99·9 120·2 172-0 100·5 116·5 171 ·5 

Hb(3 b)-N(3b}--C(2a)- C(3) 99·1 123·2 12·7 100·1 116·8 37·6 

H a(I)-C(I)- N(I }--C(2) 111·2 109·0 119·9 111 ·2 109·0 118·0 

Hb(I)- C(1)-N(I)-C(2) 110·9 110·6 0·0 110·9 110·5 - 1·0 

H c(1)- C(I)- N(1)-C(2) 111·2 108·6 - 119·5 111·2 108·9 - 120·8 

- - ----

I~ a C(6)- C(5) bond length, pm; b N(I)- C(6)- C(5) valence angle . 
""-I.e> 
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interpreted as a calculation artefact of the gradient optimization29 of the IV ion 
with respect to all degrees of freedom on the basis of its CNDOj2 wave function. 
Also striking in this connection is the little realistic preference of the thus optimized 
ion IV to the isomeric ion IlIa by as much as 696·4 kJ mol-I. However, possible 
interaction of the proton with amide group of I must not be neglected, either. There
fore, the gradient optimization was also carried out for the ion structures Va - d, 
but the planar conformations showed no distinct changes. Their CNDOj2 mole
cular energies are somewhat preferred to those of the C(5)-protonated form IlIa 
(in kJ mol-I): 94·6 (Va), 83·3 (Vb), 89·6 (Vc) and 90·5 (Vd). It must not, however, 
be forgotten that formation of these species will be not very likely in enzyme catalysis 
due to hydrogen bonds of amide group in coenzyme I and suitable amino groups 
of apoenzyme. In aqueous media, however, the O-protonated forms Va-d will 
undoubtedly form equilibrium mixtures with the C-protonated forms llIand lVand, 

TABLE IV 

Geometry of IV ion after finished MNDO optimization with respect to a ll degrees of freedom 

A-B- C-D A- B bond A-B-C valence A-B- C- D dihedral 
centres length, pm angle, 0 angle, 0 

N(I)- C(2)-C(3) 132·8 152·4° 124·7b 

C(4)- C(3)- C(2)- N(I) 155·1 113-6 2·9 
C(5)- C(4)- C(3)--C(2) 150·0 115·9 - 2·4 
C(6)- C(5)--C(4)-C(3) 135·3 124·3 0·5 
C( 1)- N(I)- C(6)- C(5) 150·5 117·4 179·3 
C(3a)--C(3)- C(2)- N(I) 155·6 109·3 -122·7 
N(3b)- -C(3a)- C(3)- C(2) 139·1 117·1 - 151·9 
O(3c)--C(3a)- C(3)- C(2) 122·9 121 ·6 33·7 
H(2)--C(2)- N(I)- C(I) 110·3 119·1 - 2·2 
H(3)- C(3)- C(2)- N(I) 112·0 104·6 120·7 
Ha(4)- C(4)- C(5)- C(6) 111·6 107·7 125·4 
Hb(4)--C(4)- C(S)- C(6) 111·7 108·0 - 121 ·3 
H(6)- C(6)- N(I)- C(l) 109·2 115·6 O·S 
Ha(3b)- N(3b)--C(3a)--C(3) 100·3 118·1 172-9 
Hb(3b)--B(3b)- C(3a)-C(3) 99·9 119·6 29·3 
Ha(I )--C(I)- N(I)- C(6) 111 ·2 108·5 - 87·6 
H b( I )-C(I )- N(I)- C(6) 111 ·1 110·1 ISI·9 
Hc( I)- C(l )- N(1)- C(6) 111 ·1 109·6 32·5 

a C(2)- C(3) bond length , pm; b N(I )--C(2)-C(3) valence angle. 
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Va 

I'd 

moreover, occurrence of the individual protonations will be strongly affected by solv
ent effects which were not involved explicit ely in our considerations. To verify 
our presumption about non-adequacy of the CNDOj2 molecular geometry of IVion , 
we repeated the geometry optimization of the two isomeric ions using, this time, the 
basis of MNDO wave functions 25 • The results are given in Tables III and V. The 
calculation for the C(3)-protonated form IV indicates a realistic almost planar 
arrangement of the heterocycle, i.e. it shows the expected discrepancy to the artefact 
result of the CNDOj2 procedure. In contrast to this fact, introduction of the MNDO 
optimization for the C(5)-protonated form IIla,b does not result in any substantial 
geometry change as compared with that obtained for the heterocycle by the CNDOj2 
gradient procedure; depending on choice of the starting orientation of amide group 
it gives the optimized geometriss of two Z- and E-conformers lIla,b. It is only note
worthy that the conformers IlIa and Ilib differ distinctly in their torsion angle 
of amide group at C(3)-C(3a) bond (Table IV), the amide group being practically 
coplanar with and practically perpendicular to the plane of the heterocycle in the 
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ion IlIa andIIIb, respectively. Table VI compares the calculated energy characteristics 
for the ions III and IV inclusive of the non-empirical STO-3G energies. Obviously, 
the MNDO optimization leads to preference of the C(5)-protonated form IIIb 
on the basis of both the total energies (by almost 19 kJ mol-I) and the heats of forma
tion. The ab initio MO calculation using the STO-3G bases prefers then the both 
C(5)-protonated forms IIIa,b, even though less distinctly than the semi-empirical 
MNDO method does. 

TABLE V 

Total and relative energies and heats of formation of the systems studied 

MNDO STO-3G 
Molecule 

E tot 
a E rel 

b Eform 
b E tot 

a E rel 
b 

IlIa -65'4084 23·07 661 ·32 - 449· 364534617 2·06 
IlIb -65,4172 0·00 638·23 - 449· 365318446 0·00 
IV -65,4101 18·71 645·96 - 449·364477904 2·21 

a Non-dimensional units defined as X = Ej h, where h = 2 628·1 kJ mol - I; b kJ mol - I. 

TABLE VI 

Charge population of the ions studied 

MNDO STO-3G 
Centre 

IlIa IIIb IV IlIa IIlb IV 

N(l) -0,146 -0,144 - 0,129 -0,175 - 0,173 - 0,171 

C(2) 0·034 0·023 0·248 0·037 0·029 0·207 
C(3) -0,062 -0,064 -0'065 0·035 0·038 - 0'057 
C(4) 0·010 0·009 0·002 -0'104 -0,103 -0,104 
C(5) -0'050 -0'047 - 0,007 -0·109 -0·109 -0,002 
C(6) 0·243 0·244 -0,027 0·204 0·204 0·025 
C(Nl) 0·162 0·162 0·162 -0,06 1 -0,061 -0,060 
C(3a) 0·376 0·344 0'329 0·306 0'302 0·308 
N(3b) -0,377 - 0'332 - 0,341 - 0-441 - 0,427 - 0·431 
O(3c) -0,329 -0'282 - 0,329 -0,238 - 0,222 -0,250 
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Electron populations in ions III and IV. The calculated atomic charges and ex
pansion coefficients of the LUMO frontier orbitals are given in Tables VII and VIII. 
Obviously, the MNDO and STO-3G data lead to similar conclusions concerning 
subsequent attack of a nucleophilic reagent on the substrates III and IV. In the 
MNDO and STO-3G energy-preferred C(5)-protonated form IIIb, the C(6) posi
tion is the site of both the highest positive charge and the greatest expansion coefficient 
in the LUMO, which fully agrees with the experimentally derived 14

-
17 structure 

of the final ad ducts 11. The same criteria, however, should indicate that, for the 
C(3)-protonated form IV, 2 position is preferently attacked by nucleophile, which 
would cause the structure of the adducts formed to differ distinctly from the case II. 

Thus the shown MO calculations indicate that protonation of nicotinamide frag
ment in NADH (representing a catalytic initial step followed by nucleophilic addi
tion to dihydropyridine nucleus) leads to formation of the ions 111 - V (including 
the C( 5)-protonated forms 111 a,b )which could generate the experimentally found 14- 17 

type of addition products 11 in a subsequent nucleophilic attack. Both electronic 
and orbital structure of the 111 a,b ions is favourable for the attack of C( 6) position 
by nucleophile X( -) which obviously represents a decisive discrimination step for the 

tranformation I + HX ---> II. 

TABLE VII 
MNDO and STO-3G expansion coefficient of the LUMO of the ions studied. Numerically are 

given the values led :2: 0·1 only 

MNDO STO-3G 

Centre 
IlIa IlIb IV IlIa IIIb IV 

N(l) -0'437 0·447 -0,465 0·499 0·529 - 0,542 

C(2) -0·160 0'l35 0·775 0·203 0·159 0·825 

C(3) 0·359 -0'352 + -0,406 - 0,394 + 
C(4) + 
C(5) + 0·345 + + 0·388 

C(6) 0·768 - 0,776 -0,101 -0,805 -0,825 -0,146 

C(NI) + + + 
C(3a) + + 0·113 

N(3b) + + + 
O(3c) 0·177 
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